The future 5G networks are expected to use millimeter wave (mmWave) frequency bands to take advantage of the large unused spectrum. However, due to the high path loss at mmWave frequencies, coverage of mmWave signals can get severely reduced, especially for non-line-of-sight (NLOS) scenarios as mmWave signals are severely attenuated when going through obstructions. In this work, we study the use of passive metallic reflectors of different shapes/sizes to improve 28 GHz mmWave signal coverage for both indoor and outdoor NLOS scenarios. We quantify the gains that can be achieved in the link quality with metallic reflectors using measurements, analytical expressions, and ray tracing simulations. In particular, we provide an analytical model for the end-to-end received power in an NLOS scenario using reflectors of different shapes and sizes. For a given size of the flat metallic sheet reflector approaching to the size of the incident beam, we show that the reflected received power for the NLOS link is the same as line-of-sight (LOS) free space received power of the same link distance. Extensive results are provided to study the impact of environmental features and reflector characteristics on NLOS link quality.
I. INTRODUCTION
T HE USE of smart communication devices and the higher data rate applications supported by them have seen a surge in the recent decade. These applications require higher communication bandwidths, whereas the available sub-6 GHz spectrum is reaching its limits due to spectrum congestion. With the opening of millimeter wave (mmWave) spectrum by FCC [1] , various research efforts are underway to use mmWave spectrum for future 5G communications. However, a major bottleneck for propagation at mmWave frequencies is the high free space attenuation, especially for the non-line-of-sight (NLOS) paths. This makes radio frequency planning very difficult for long distance communications.
Various solutions to this problem have been proposed in the literature, including, high transmit power, high sensitivity receivers, deployment of multiple access points or repeaters, and beam-forming. However, there are limitations to each of these solutions. Increasing the transmit power beyond a certain level becomes impractical due to regulations, whereas the receiver sensitivity, is constrained by the sophisticated and expensive equipment required. Similarly, using a large number of access points may not be feasible economically. The beam-forming requires expensive, complex and power hungry devices, and it may still suffer from NLOS propagation.
A convenient solution for NLOS mmWave signal coverage is by introducing metallic passive reflectors. This stems from the fact that electromagnetic waves behave similarly to light [2] . The reflection properties of electromagnetic waves are better at higher frequencies due to smaller skin depth [3] and lower material penetration. Similarly, the diffraction around the edges of reflectors is smaller at mmWave frequencies. These reflectors can act similar to a communication repeater but can operate without electricity and negligible maintenance. They have longer life spans, and small initial investment cost when compared with repeaters consisting of active elements. They may even be part of everyday objects, such as street signs, lamp posts, advertisement boards, that can additionally improve mmWave signal coverage.
Passive metallic reflectors have been studied and employed in the past for long distance satellite communications [4] - [6] . However, these studies are limited to point-to-point links, whereas, for cellular networks, we may require wide coverage. There are also limited studies available for downlink communications using passive reflectors [7] , [8] . This is due to the fact that most of the downlink civilian communications operate at sub-6 GHz, where the communication radius is in the kilometer range and few communication repeaters are required. Due to the large wavelength, the electromagnetic waves can easily penetrate through most of the building structures without high attenuation, resulting in mostly NLOS communications for the downlink. On the other hand, mmWave signals observe higher free space path loss and higher penetration loss due to smaller wavelengths. As a result, the communication radius generally shrinks to few hundred of meters. This requires a large number of communication repeaters for the downlink and commonly used active repeaters may not be feasible.
The studies available to date in the literature on using passive reflectors for mmWave coverage enhancement are limited. In [9] , indoor coverage analysis at 60 GHz was carried out due to reflections using simulations. It was observed that at 60 GHz, the coverage in the NLOS was dependent solely on the reflections. A parabolic passive reflector is used for outdoor coverage enhancement at mmWave frequencies in [10] , that reflects incoming signal power from the base station to users in the building shadowed zones. Numerical results indicate better coverage in the shadowed zones using reflectors. In [11] , a parabolic reflector is used behind a patch antenna operating at 60 GHz of a hand held device. A gain of 19 dB − 25 dB is reported after the introduction of a parabolic reflector that helps to counter the finger shadowing while operating the device. In [12] , reflecting properties of different building materials both in the indoor and outdoor environments were calculated using channel measurements at 60 GHz.
The directional propagation for mmWaves requiring high gain (narrow beamwidths) are ideal for reflector based propagation. Due to narrow beamwidths in the azimuth and elevation planes for mmWave propagation, a metallic reflector can be used to efficiently collect the power density and redirect it. However, for sub-6 GHz, the use of reflectors for redirecting of incoming power is less efficient due larger spread of transmission compared to mmWave.
To the best of our knowledge, there are no empirical studies available in the literature on the use of metallic reflectors for downlink coverage enhancement at 28 GHz except our previous works [13] , [14] . This work is a major extension of our earlier studies [13] , [14] , where key our contributions and findings can be summarized as follows.
1) We have performed measurements for indoor and outdoor NLOS mmWave propagation scenarios at 28 GHz using National Instruments PXI platform shown in Fig. 1 . Different sizes and shapes of metallic reflectors are used for enhancing coverage in the NLOS region. The received power was measured over an NLOS grid in an indoor corridor. Ray tracing simulations were also carried out in a similar environment at 28 GHz and other center frequencies. For the outdoor, the received power was measured at a given NLOS point at different azimuth and elevation angles, in the presence and absence of flat metallic sheet reflectors.
2) An analytical model for end-to-end reflected received power is developed for NLOS propagation. The model is obtained by considering reflectors as secondary sources of transmission towards the receiver, and it is applicable for different shapes and sizes of the reflectors. The received power due to first order reflections from the flat metallic sheet reflector of a given size approaches to line-of-sight (LOS) received power. However, for a nonmetallic reflector, the received power is significantly smaller compared to a metallic reflector. The reduction in the received power for non-metallic reflectors is mainly due to absorption.
3) The received power due to first order reflections is dependent on the size of the incident beam given by the poynting vector. Once the size of the reflector is equivalent to the size of the incident beam, the received power is independent of the size of the reflector. Similarly, we used a secondary reflector of size comparable to the primary reflector in order to further steer the power in another direction.
4) For flat reflectors, the reflected received power is mainly dependent on the orientation of the transmitter and receiver antenna's boresight with the surface normal of the reflector. The received power also varies from small to large sized reflector for a fixed transmitter and receiver orientation. If the size of the flat reflector is smaller than the size of the incident beam, interference fringes are expected to occur. These interference fringes arising due to wavelets generated by the edges and reflected beam from the center results in overall reduction of the received power. However, if the size of the flat reflector is comparable or larger than the size of the incoming beam, the wavelets arising from the edges are weaker compared to the reflected power from the central part. Therefore, a larger received power is observed for a large sized flat reflector compared to a small sized flat reflector. For outward curved reflectors, e.g., cylinder and sphere, the orientation of the reflector towards the receiver is less significant compared to flat reflectors. This is because curved reflectors diverge the incoming energy in different directions.
Proposed work can find applications in various scenarios. For example, the metallic reflectors (either installed separately or already present metallic structures) can be placed/oriented indoors in the propagation path of routers, access points, or pico base stations, which do not have a direct LOS with the mmWave transmitter. This can help in extending the coverage to NLOS areas. Similarly, for outdoors, signboards and advertisement boards (if properly oriented) can act as reflectors for cellular network's coverage enhancement.
II. REFLECTION CHARACTERISTICS AND ASSUMPTIONS
In this section, we will discuss the reflection characteristics of metallic reflectors, size of incident beam obtained through measurements, and the effective area of different shaped reflectors.
A. FACTORS AFFECTING THE REFLECTION CHARACTERISTICS
Any solid object in the path of the radio waves can act as a reflector. The reflection characteristics for radio waves are dependent on the following main factors: 1) radiation pattern of the transmit antenna, 2) size and material of the reflector, 3) shape of the reflector, 4) orientation of the reflector (for flat reflectors). Moreover, the diffraction around the edges of the reflector also affects the reflection characteristics. For curved reflectors the diffracted energy is smaller than the flat reflectors.
Reflectors can be used effectively for steering directional transmissions to desired NLOS regions. The directional transmission from a wave-guide antenna, e.g., horn can be approximated to diverging beam with spherical wavefronts. This beam has a given area (provided by the poynting vector) and shape. The shape and size of transmitted beam is dependent on the radiation pattern of the antenna.
The size of the reflector is an important factor that affects the amount of reflected power. The size of the reflector should be at least equal to the size of the incident beam. This ensures maximum reflected power. However, increasing the size of the reflector beyond the size of core area of the beam will not contribute significantly to the increase in the reflected power. Moreover, the material of the reflector also affects the reflected power. If the material is a perfect conductor with polished surface, we have maximum reflected power. In such a case, the skin depth is zero. However, if the material is not a perfect conductor, then we have additional power losses due to absorption.
There is a relationship between the distance of the transmitter from the reflector and the size of the reflector discussed in Section III-B. If the distance between the transmitter and reflector is large, we need large-sized reflectors and vice versa in order to obtain the same power densities at the receiver. However, if the distance between the transmitter and reflector is extremely large and the link is obstructed, then the propagation through reflector may not work.
The shape of a reflector determines the reflection pattern. Radar cross section (RCS) can be used to distinguish the reflection pattern of different shaped reflectors. Flat reflectors have larger RCS compared to the curved shaped reflectors. Additionally, the RCS pattern is highly directive for flat reflectors. For curved shaped reflectors including cylinder and sphere, the reflection characteristics are mainly dependent on the curve angle. For a given curve angle, the incident beam can either converge or diverge in different directions. Other complex shape reflectors such as saw-tooth reflectors can be employed for obtaining different scattering patterns.
As discussed earlier, the orientation of flat reflectors are important for obtaining maximum reflected power. The boresight of transmitter and receiver antennas should be aligned towards the center of the reflector. This results in maximum reflected power. However, it was observed during measurements that the region of maximum reflection is different for different sizes of reflectors. This is mainly due to the diffraction from the edges of the reflectors. On the other hand, for the curved shaped reflectors, change in geometrical orientation is generally not required. For curved reflectors, reflected power is dependent on the inherent curve angle in the azimuth and elevation planes.
The position of the reflector relative to transmitter and receiver determines the maximum coverage. For example, if it is required to provide coverage to a number of users located along a narrow straight NLOS path, flat reflectors will be preferred. The position and size of these flat reflectors will depend on the antenna radiation pattern, distance and position of the transmitter relative to the users.
B. CORE AREA OF BEAM THROUGH MEASUREMENTS
The radiation from all practical antennas is in the form of wavefronts. Furthermore, we can assign rays (that are perpendicular to the wavefronts) to different regions of the wavefronts. These rays provide antenna gain at specific regions in space during propagation. Therefore, theoretically, the minimum area of a reflector required to steer the maximum energy from a source antenna is equal to the area spanned by the ray with maximum gain (17 dBi in our case). However, for small sized reflectors, it becomes extremely difficult to align the incoming ray (with maximum gain) with the maximum gain region (17 dBi) of the receiving antenna. Therefore, we require a given size of the reflector for steering the energy towards the receiver conveniently.
In our measurements, we used horn antennas. The beam from horn antenna is approximated as diverging beam with spherical wavefronts. This transmitted beam has a power density given by the poynting vector S [15] . This poynting vector S spans a given area in space called core area of beam represented as A c . In the rest of the paper, we refer to the core beam area simply as the core area. The area, A c is comparable to the area spanned by the half power antenna radiation beamwidths in the azimuth and elevation planes on a sphere at far field distance. The area, A c can provide us an estimate of the minimum area of a reflector required to steer the maximum energy conveniently from the transmitter to the receiver. In order to find A c , we conducted a simple experiment in the lab. The setup is shown in Fig. 2 . We used PXI transmitter, receiver setup, and metallic square sheet reflectors of sizes in the range from 0.12 m × 0.12 m to 0.30 m × 0.30 m.
The transmit power was kept at 0 dBm. The transmitter and the receiver antennas were placed at a distance of 1 m from each other. The reflector was placed on a tripod such that it had equal distance from the transmitter and receiver antennas. The reflector was placed at 1.2 m, and 3.6 m distance from the transmitter/receiver antennas. The height of the transmitter and the receiver antennas were kept at 1.3 m from the ground. The transmitter and the receiver antennas pointed to the center of the sheet reflectors. The tripod carrying reflector was rotated around its center in order to observe the maximum reflected power. This was performed in order to capture the maximum flux. The time resolution of our PXI setup is 0.65 ns per sample. Therefore, we can distinguish reflections from any two objects at a physical distance of 19.5 cm. These reflections are observed as multipath components (MPCs) in the power delay profile (PDP). The PDP when the reflector is placed at 1.2 m from the transmitter/receiver antennas is shown in Fig. 3 . The reflections from the reflector were observed at 8 ns (2.4 m; two-way distance) for different sizes of reflectors.
The maximum reflected received powers from different sized metallic sheet reflectors are shown in Fig. 4 . These reflected powers are obtained from the PDP shown in Fig. 3 . The first received power in Fig. 4 for no reflector is due to reflections from the tripod body. Increasing the size of the reflector results in an increase of the received power. However, it becomes constant after a given reflector size. This received power approaches to the free space LOS power (given by Friis equation) at the given distance. Moreover, this reflector size corresponds to approximately the size of the beam's core at that distance from the transmitter antenna. However, after 7.2 m (two-way distance), there is no further increase in received power beyond 0.25 m×0.25 m. Therefore, this reflector area can be approximated to the core area of the transmitted beam given by A c . Overall, the shape of the incoming wavefront is preserved after reflection from the flat reflector.
In order to further verify the approximate core of the beam at large distances, we extended the same experiment to the corridor of a basement shown in At this position also, the received power was the same as the Friis free space power. However, the size of the second reflector required was larger than the first reflector in order to get to the Friis free space power. This is mainly due to diffraction losses from the edges of the reflectors.
C. EFFECTIVE AREA OF DIFFERENT SHAPED REFLECTORS
The effective reflector area is the area that captures and redirects the incoming beam towards the receiver. The effective area is, therefore, similar to the RCS of the reflector. For flat reflectors this effective area is A refl = wh, where w and h are the width and height of the reflector, respectively. For the cylindrical reflector, the effective area for our setup (cylinder placed vertically) is a fraction of 2π rh, where r and h represent the radius and height of the cylinder, respectively. This effective area corresponds to the width of the receiver grid shown in Fig. 6 (c). This effective area is calculated based on the angle (in radian) from the geometrical setup. The height of the cylinder is scaled to the height of the incident beam. The overall effective area is A refl = r √ A c . The reflected energy from the sphere is scaled in both azimuth and elevation planes. Therefore, the effective area is obtained based on the solid angle from the reflector towards the receiver grid. The solid angle is approximated as the product of the angular widths in the azimuth and elevation planes denoted as , , respectively, shown in Fig. 6(d) . The width in the azimuth plane corresponds to the width of the receiver grid. The width in the elevation plane corresponds to a small region around the receiver antenna. Therefore, the effective area for our setup is A refl = R 2 m , where R m is the minimum distance of the receiver antenna from reflector.
III. MODELING END-TO-END NLOS RECEIVED POWER
In this section, we will provide an analytical model for NLOS end-to-end received power using reflectors of different sizes and shapes.
A. TOTAL RECEIVED POWER
In this subsection, we provide the total received power modeling for NLOS end-to-end propagation in the presence of reflectors. The NLOS area is such that there is a direct path between the transmitter and the receiver through the reflector. Fig. 6 shows typical indoor and outdoor NLOS propagation scenarios with a reflector placed at specific positions. In our modeling, we consider the reflector as a secondary transmission source. Therefore, a major contribution of the received power comes from first order reflections. In addition to first order reflections, second-order reflections are also significant for large-sized primary reflectors. Moreover, there are also other sources in the surroundings that contribute to the total received power. Taking all these into account, the total NLOS received power P can be represented as:
where P (1) refl and P (2) refl are the received powers due to first and second-order reflections from the reflectors, respectively, P olos is the power from the obstructed LOS (OLOS) path and P s is the received power from other surrounding objects. We have considered the contribution of only two dominant reflectors to the received power, however, it can be extended to any number of reflectors. Moreover, the received power from P olos is independent of the reflector/s and not necessarily exist for every NLOS scenario, whereas, P s is generally always present and can change with the position or size of the reflector.
The reflected received power P (1) refl and P (2) refl can be directed to single or multiple users. The multiple receiver grid positions in Fig. 6 (a) can represent multiple users. Without reflectors, these users will be in outage (if their receiver sensitivities are greater than −70 dBm). However, after introducing reflectors, many of the users will be out of outage. Moreover, the multiple users can scheduled using different techniques to avoid mutual interference. For example, users at the same beam direction can be scheduled at different resource blocks (orthogonal-multiple access [16] ). If they are well separated in power domain, they can also be scheduled using non-orthogonal multiple access techniques [16] .
B. FIRST ORDER REFLECTED POWER MODELING
The received power due to first order reflections from the reflector contributes mainly to the total received power. In addition, for flat reflectors, the orientation of the reflector with respect to transmitter and receiver antennas is important. However, for curved reflectors, the orientation is less significant. The received power due to first order reflections from the reflector is calculated based on the transmit power density. The transmitted power density at the reflector is denoted as p refl (R 1 ), at distance R 1 from transmitter [17] , and given as:
where P tx and G tx (θ tx , φ tx ) are the transmitted isotropic power and gain (directivity) of the transmit antenna at respective azimuth and elevation angles of θ tx and φ tx . This power density is received by the reflector with a given effective area A refl (see Section II-C). The effective area A refl , that captures and redirects the incoming power density towards the receiver is also known as the RCS, denoted by σ . In other words, the reflector acts as a secondary source of transmission towards the receiver. This secondary transmission can be explained by Huygens' principle [18] . The captured and redirected power density from the reflector is denoted as p refl (R 1 , R 2 ), where R 2 is the distance of the reflector to another reflector or the receiver. The redirected power density p refl (R 1 , R 2 ) is given by:
where is the reflection efficiency of the first reflector material. If the reflector is a conductor with a polished surface, then, = 1. However, for dielectrics or lossy reflector materials, < 1. The incident beam after reflection from the reflector travels towards the receiver shown in Fig. 6(b) . If A rx is the receiver antenna's aperture, then the received power captured at the receiver antenna, P (1) r (R 1 , R 2 ) is given by:
where G rx (θ rx , φ rx ) is the gain of the receiver antenna at respective azimuth and elevation angles. The reflected received power is also dependent on the physical orientation of the transmitter, receiver antenna's boresight, and the (flat) reflector's surface normal. In order to get maximum received power, the angles between the transmitter and receiver antenna's boresight with the reflector's surface normal should be the same. Let θ i and θ r represent the angles formed between the unit vectors of the boresight of the transmitter and receiver antennas, with the unit normal of the reflector, respectively, in the azimuth plane. This is shown in Fig. 6(a) . Similarly, φ i , φ r represent the corresponding angles in the elevation plane. In our setup (both indoor and outdoor) the transmitter antenna and reflector are fixed, therefore, θ i and φ i are constant. Let us represent, θ = |θ opt −θ r |, where θ opt is the optimum reflection angle corresponding to the transmit antenna's boresight and surface normal of the reflector. For example, for our indoor setup in Fig. 6(a) , θ opt = 45 • . The change in θ due to shifting from optimum angle results in an exponential decrease in the received power given by α θ f , where α f < 1. The constant α f incorporates the decrease due to shift from the maximum reflected power region and decrease due to receiver antenna's gain compared to the boresight. Similarly, the decrease in the elevation plane can be represented by α φ f . Moreover, divergence of the incoming power due to diffraction from the flat reflector depends on the size of the reflector. For small sized reflectors, the diffraction is large. This is because the area of the beam with significant power density (near the core area) experiences diffraction around the edges. In contrast, for large sized reflectors, the core area of the beam is incident at the center of the reflector. The area of the beam incident on the edges has significantly smaller power. Therefore, the diffraction for large sized reflector is smaller compared to the small sized reflector. From Fig. 7 we can calculate the Fresnel-Krichhoff diffraction parameter v 1 for single edge diffraction in the azimuth plane as follows [19] :
where h is the height from the line joining the transmitter and receiver antennas, and d 1 , d 2 are the distances of the edge of the reflector from transmitter and receiver, respectively as shown in Fig. 7 . Similar results are obtained in the elevation plane. The diffraction loss is represented as β(v 1 ). Now, the received power from (5) is given as
if the orientations are perfect, i.e., θ i = θ r = θ opt , φ i = φ r = φ opt , and the reflector is perfect polished conductor with = 1. Moreover, if the RCS of the reflector is equal or larger than the area of the incident beam, denoted by σ , then, the reflected received power in (7) approaches to Friis free space received power. In other words, all the transmitted power is captured by the reflector and redirected towards the receiver at a given angle. Therefore, we can equate (7) and Friis free space equation [20] equal to each other as follows:
where the area of the incident beam is given by
Let A refl represent the effective area of the reflector. Additionally, considering the polarization mismatch losses between the transmitted and reflected beam from the reflector, we can write (7) and (9) as follows:
where ρ TX and ρ refl represents the polarization unit vectors at the transmitter and at the reflector (after reflection), respectively, and |ρ TX ·ρ refl | 2 represents the polarization mismatch loss. From (10), if there are no orientation losses, and size of the reflector is equal or larger than the size of the core area of the beam, the received power approaches to Friis free space received power. However, the rate of power decay (generally given by path loss exponent) can change depending on the environment. For cylinder and sphere reflectors, the orientation losses are considered to be negligible. Because the cylinder or sphere provides spreading of the incoming energy equally in respective directions. For cylinder and sphere reflectors, the decrease in the received power on the grid is mainly due to two factors. One is due to the decrease in the gain of the receiver antenna as we move away from the boresight. The second is due to the distance on the grid. Similar to flat reflectors, the decrease in the received power due to shift from the receiver antenna's boresight is represented by α θ c and α φ c in the azimuth and elevation planes. However, α c > α f . This is because we do not have additional decrease due to shift from a maximum reflected power region as observed for flat reflectors. In addition, the reflected power from cylinder and sphere is distributed over the indoor receiver grid based on their effective areas given in Section II-C. Therefore, the received power for cylinder and sphere reflectors is given as:
C. SECOND ORDER REFLECTED AND OLOS POWER MODELING
The received power due to second-order reflections from an additional reflector can be obtained in a similar way as first order reflections. If R 1 represents the distance from the transmitter to the first reflector and R 2 represent the distance from the first reflector to the second reflector, and R 3 represents the distance from the second reflector to the receiver antenna, the received power is given as:
where we have
while θ (1) and θ (2) represent the absolute difference between the optimum reflection angle (the expected reflection angle) and the current receiver angle (due to its position) in the azimuth plane for first and second reflectors, respectively. Similarly, φ (1) , and φ (2) represent the absolute difference of angles in the elevation plane for first and second reflectors, respectively, and β(v 1 ) and β(v 2 ) are the diffraction losses at first and second reflectors, respectively. Moreover,n refl is the unit vector for the surface normal of the beam reflected from the second reflector, A
c and A
are the core areas of the beams incident on the first and second reflectors, respectively, A
refl and A (2) refl represent the effective areas of the first and second reflectors, respectively. The reflection efficiency of the first and second reflectors are represented by 1 and 2 , respectively, whereas, ρ (2) refl represents the polarization vector at the second reflector (after reflection). Apart from the received power due to dominant reflectors, we can have received power from the OLOS also if one exists. Let us consider that a significant OLOS path is present due to obstruction with the propagation loss coefficient, η < 1. The coefficient η incorporates the obstruction losses. Then, the OLOS received power at a distance of R between the transmitter and the receiver is given as:
The remaining constituent of the total received power P s incorporates mostly received power from weaker or higher order reflections from surrounding objects. It can also incorporate the received power due to diffraction in NLOS scenarios depending on the operating frequency and propagation geometry.
D. FIRST ORDER RAY MODELING
The propagation due to reflection from metallic reflectors can also be modeled using the first order rays. Due to spherical shape of the wavefronts, the rays at different angular positions have different strengths. The strength of the rays at different angular positions are dependent on the antenna radiation pattern. The strength of the rays in the elevation plane are considered to be constant on the receiver grid (as the height of the transmitter and receiver do not vary). Moreover, due to orientation and width of the reflector, not all the transmitted rays will reach the receiver grid as first order reflections. The first order ray modeling scenario is shown in Fig. 8 for the flat reflector. From Fig. 8 , the rays reaching the receiver grid are bounded by the width of the reflector for the given orientation of the reflector with respect to the transmitter. In addition, the strength of the rays are dependent on the gain of the antennas at respective azimuth angles at the transmitter and receiver.
Let θ rt be the maximum geometrical angle in the azimuth plane formed by the transmitted ray with the transmitter antenna's center. This angle is limited by the width of the reflector. Fig. 8 shows θ rt formed by the transmitted ray. The elevation angle of this ray and all other rays along the straight line following the width of the reflector is a constant represented by φ c . Therefore, the gain of this transmitted ray is given by G tx (θ rt , φ c ) . Similarly, the corresponding gain at the receiver is given by G rx (θ rr , φ c ), where θ rr is the azimuth angle formed by the reflected ray on the receiver grid. The transmitter and receiver antenna gain of rays in the elevation plane remain constant. Therefore, the angle of the rays in the azimuth plane will determine the overall antenna gain of the rays.
Based on the width of the reflector represented as w in Fig. 8 , only half of the reflector's width w/2, will direct the rays towards the receiver grid as first order reflections. The other half of the reflector will not contribute to direct reflections on the receiver grid. The overall received power using dominant ray modeling at a given receiver position on the grid is given as:
IV. PROPAGATION MEASUREMENTS AND RAY TRACING SIMULATIONS SETUP
Propagation measurements were performed in typical NLOS scenarios for indoor and outdoor. For indoor, reflectors of different shapes and sizes were placed at the edge of the corridor. The received power was measured over a receiver gird in the corridor. Ray tracing simulations were also carried out for this propagation setup. For outdoor, different sizes of flat metallic sheet reflectors were used for an NLOS area due to obstruction. The received power was measured at a single receiver position at different azimuth and elevation angles.
A. INDOOR MEASUREMENT SETUP
Indoor measurements were carried out in the basement corridor of Engineering Building II at North Carolina State University. The measurement and simulation environment for indoor and outdoor channel measurements are shown in Fig. 1 . The receiver is moved at different positions in the (x, y) plane of the corridor to form a receiver grid shown in Fig. 6(a) . The size of the (x, y) receiver grid is (1.5 m, 15 m) such that each measurement block is 0.3 m×0.3 m. A similar geometry is generated using the Remcom Wireless InSite RT software to compare with the measurement outcomes and will be explained in Section IV-C. The measurements were performed using NI mmWave transceiver system at 28 GHz [21] as shown in Fig. 9(a) . The system consists of two PXI platforms: one transmitter and one receiver. There are two rubidium (Rb) clocks used at the transmitter and the receiver sides that provide common 10 MHz clock and pulse per second (PPS) signal. The output from the PXI intermediate frequency (IF) module is connected to the mmWave transmitter radio head that converts the IF to 28 GHz. Similarly, at the receiver side, the mmWave radio head down converts 28 GHz RF signal to IF.
The digital to analog converter at the transmitter and the analog to digital converter at the receiver has a sampling rate of 3.072 GS/s. The channel sounder supports 1 GHz and 2 GHz modes of operation. The measurements for this paper are performed using the 2 GHz mode where the sounding signal duration is 1.33 μs, which is the maximum measurable excess delay. This mode provides a 0.65 ns delay resolution in the delay domain, corresponding to 19.5 cm distance resolution. The analog to digital converter has around 60 dB dynamic range and this system can measure path loss up to 185 dB. The transmit power for the experiment is set to 0 dBm. A power sensor measures the power at the output of the mmWave transmitter front end using an RF coupler. The power sensor lets us convert measurements in dB units into dBm units.
In order to get accurate channel measurements, we need to characterize the non-flat frequency response of the measurement hardware itself, and subsequently do a calibration to compensate for the impulse response due to the hardware. For calibration purposes, a cable with fixed attenuators connects the transmitter to the receiver. Assuming the cable and the attenuators have a flat response, the channel response of the hardware is measured. During actual measurements, the hardware response is equalized assuming hardware response does not vary over time. After this equalization, we obtain the response of the actual over the air channel.
The antennas that are used at the transmitter and the receiver are linearly polarized pyramidal horn antennas [22] , having a gain of 17 dBi and half-power beam-widths of 26 and 24 degrees in the E and H planes, respectively. The height of the transmitter and receiver above the ground is 1 m. To improve the coverage area in NLOS receiver region in the corridors, we use aluminum flat sheet reflectors with different sizes, a cylinder, and, a sphere as shown in Fig. 9(b), Fig. 9(c) , and Fig. 9(d) . These reflectors are placed at the corner of the walls facing the corridor as shown in Fig. 1(a) . The aluminum sheet used is 5086-H32 having a thickness of 1. In order to place different flat reflectors on the same plane, a cardboard of size 0.84 m × 0.84 m is used as a reference as shown in Fig. 1(a) . The center of the cardboard is aligned to the center of the bore-sight axis of the antenna. Different sized reflectors are placed such that their centers are aligned to the center of the cardboard. Similarly, the bore-sight axis of the antenna is aligned to the center of the cylinder and sphere. There is no orientation of the reflectors in the vertical plane.
B. OUTDOOR MEASUREMENT SETUP
The outdoor measurements were performed inside two parking buildings next to each other at North Carolina State University (NCSU) campus as shown in Fig. 10 . The receiver was located behind a brick wall compartment with a glass window inside. There was no direct LOS between the transmitter and the receiver. However, there was an obstructed line-of-sight (OLOS) through the window. The receiver antenna was mounted on a rotatable gimbal in order to collect energy from different azimuth and elevation directions. The transmitter antenna was not rotated. Three flat square metallic sheet reflectors of sizes 0.30 m×0.30 m, 0.61 m×0.61 m, and 0.84 m×0.84 m were used 3.5 m away from the receiver as shown in Fig. 10(b) .
For comparison, we considered two scenarios: one without the reflector and one with reflectors. The transmitter antenna was fixed at 0 • elevation angle facing directly the reflector. The heights of transmitter and receiver were the same at 1.5 m such that the boresight of each antenna point to the center of the reflector. The gimbal at the receiver side scanned the azimuth plane from −168 • to 168 • with 10 • increments, and the elevation plane from −30 • to 30 • with 10 • increments shown in Fig. 10(c) . The transmit power was set to 0 dBm.
C. RAY TRACING SIMULATION SETUP
Simulations for the passive metallic reflectors at mmWave frequencies were performed using Remcom Wireless InSite RT software, replicating the indoor experimental environment as shown in Fig. 1(b) . The red blocks in the figure represent the individual receiver points in the grid. A sinusoidal sounding signal at 28 GHz was used, and the transmit power was 0 dBm. Horn antennas [22] , similar to used in the measurements, were used at both transmitter and the receiver grid.
In addition to specular reflection at mmWave frequencies, diffuse scattering also occurs dominantly due to the comparable size of the wavelength of the transmitted wave and the dimensions of the irregularities of the surfaces that it encounters. In the simulations, the diffuse scattering feature had been used to take into account this factor. The diffuse scattering model used in the simulations was the directive model. Only the diffuse scattering coefficient was changed for different materials, whereas the other model parameters remained the same. Diffuse scattering coefficient of different materials used in the simulations were 0.1, 0.2, 0.25 and 0.3, for the perfect conductor, concrete, ceiling board, and layered drywall, respectively. The materials with higher roughness were assigned higher diffuse scattering coefficient.
The received power was obtained and summed noncoherently from the received MPCs at a given receiver location. This did not involve the phase of each MPC to be considered in the received power calculation. The similar was done for measurements.
The walls, floor, ceiling, door and reflector materials were selected such that they were similar to the actual measurement environment setup as much as possible. The ITU three-layered drywall was used for walls and ITU ceiling board was used for ceilings, concrete was used for floor, and a perfect conductor was used for the door and the metallic reflector. All the materials were frequency sensitive at 28 GHz. The dimensions of the simulation setup were the same as in Fig. 6(a) .
Ray tracing simulations were also performed for different center frequencies. These frequencies are 1.8 GHz, 2.4 GHz, 38 GHz, and 60 GHz. No diffuse scattering was used for 1.8 GHz and 2.4 GHz center frequencies. This is mainly due to larger wavelengths compared to the size of the surface roughness of the materials in the environment. However, at 38 GHz, and 60 GHz, larger diffuse scattering coefficients were used, compared to at 28 GHz for different materials in the environment. A 0.1 increase in the diffuse scattering coefficient value for every 10 GHz increase of the center frequency, compared to at 28 GHz was used.
V. MEASUREMENT, SIMULATION AND ANALYTICAL RESULTS FOR INDOOR SCENARIOS WITH REFLECTORS
In this section we present indoor measurement and ray tracing results at 28 GHz, and ray tracing results at various frequencies. Analytical results (from Section III) for the received power distribution over the indoor receiver grid for different reflector sizes/shapes are also provided.
A. INDOOR MEASUREMENTS AND SIMULATIONS WITH FLAT REFLECTORS
In this subsection, empirical and simulation results are presented for the indoor NLOS measurements with and without metallic reflectors for the setup shown in Fig. 6 . In measurements shown in Fig. 11(a) where no reflector is used, we observe slightly higher received power at the top left corner of the receiver grid mostly due to diffraction at the edge of the corridor wall. In the case of simulations, we observe some reflections from the wall opposite to the transmitter; however, the overall received power, in this case, is less than the measurements.
The flat reflectors are oriented at 45 • in the azimuth plane as shown in Fig. 6(a) for all the measurements. For the 0.30 m × 0.30 m reflector shown in Fig. 11(b) , it can be observed that we have a directional coverage spreading with the distance along the y-grid. The reflections that are perpendicular to the incident beam create a strip of dominant coverage area starting from the top right portion of the receiver grid. The width of this dominant coverage area is proportional to the width of the reflector as expected.
The received power decreases exponentially as we move left on the grid. This is because as we move left on the grid, we move away from the optimum reflection angle region. However, as move downward over the grid for a given x value, this decrease becomes smaller. This is due to a small angular difference from the optimum reflection region as we move downward. Moreover, the received power also decreases due to the increase of the distance as we move downward on the grid. However, this decrease due to the increase of distance is small compared to the shift from the optimum reflection region. This is accordingly modeled in Section III-B.
The 0.61 m × 0.61 m and 0.84 m × 0.84 m reflector measurement results are shown in Fig. 11(c) and (d) , respectively. Similar to 0.30 m × 0.30 m case, we observe a solid strip of dominant coverage area with a width proportional to the size of the reflector. The received power is distributed similarly across the receiver grid with a better coverage as compared to 0.30 m × 0.30 m case. Moreover, we observe a similar exponential decrease in the received power as we move away from the optimum reflection angle region.
For all the flat reflector scenarios, we observe power distribution mostly on the right side of the receiver grid, whereas we observe outage at the top left corner of the receiver grid. This is due to the property of directional reflection for the flat reflectors. Three plausible solutions to provide coverage on the top left side of the receiver grid can be; 1) By orienting the reflector at angle less than 45 • (but will result in reduced power on the right side of the grid); 2) by using secondary reflectors that are oriented accordingly to reuse the reflected energy; 3) using outward curved reflectors, e.g., cylinders that can distribute the energy more uniformly on the grid due to divergence phenomenon.
Two resource allocations can affect the received power in Fig. 11 . These are transmitted power and instantaneous bandwidth. An increase in the transmit power can help further increase the coverage. However, there are limitations on the increase of the transmit power that may result in non-linear response at the radio frequency front end. On the other hand, an increase in the instantaneous bandwidth can result in smaller fluctuation of the received power due to better delay resolution of the MPCs.
In Fig. 11 side by side comparison of measurements and RT simulations are possible. The distribution of the power on the receiver grid is similar for both the measurements and the simulations for the three different reflector sizes. For all the cases, we observe smaller received power for RT simulations when compared to the measurements. One reason is the presence of additional small scatterers in the environment and approximate diffuse scattering coefficients used in the simulations for real-world materials. Another reason is because of the simple construction of the flat reflectors with a smaller number of reflection points for ray tracing. This is in contrast to complex reflector shapes (e.g., curved) that have a large number of reflection points. Moreover, a small additional power gain is observed for 0.30 m × 0.30 m and 0.61 m × 0.61 m reflectors from the cardboard which was not included in simulations.
B. INDOOR MEASUREMENTS SIMULATIONS WITH NON-FLAT REFLECTORS
The measurement and simulation results for cylinder and sphere reflectors are shown in Fig. 12 . We observe smaller received power for sphere reflector compared to the cylinder, mainly due to a smaller effective area (see Section II-C). Moreover, the cylinder reflector provides more uniform power distribution on the receiver grid compared to flat reflectors. The reason for this can be explained due to the high divergence of the incoming energy randomly in the surroundings from the top and bottom of the sphere. Similarly, for both the cylinder and sphere, we observe less power as compared to the flat sheet reflector 0.61 m × 0.61 m, though all three have approximately similar cross-section area. The reason for this behavior is due to the small effective area of the cylinder and sphere exposed to the incoming energy as compared to the flat sheet reflector.
Simulation results in Fig. 12 exhibit larger received power as compared to measurements. This behavior is due to a large number of surface points for curved reflectors (due to their complex construction) in ray tracing simulations [23] . These additional surface points result in additional reflections for curved reflectors, which yield larger received power in ray tracing simulations. However, for flat reflectors, the number of surface points for ray tracing is smaller compared to curved surfaces. This is due to their simpler construction. Therefore, we observe smaller received power for flat reflectors compared to curved reflectors.
C. ANALYTICAL RECEIVED POWER RESULTS FOR INDOOR
The analytical results for end-to-end received power in indoor NLOS area is obtained from Section III-(A-C). From (1), there are three major sources of received power in the indoor setup, P (1) refl , P (2) refl and P s . However, the major contributor to the received power is P (1) refl . Whereas, the received power due to P (2) refl cannot be calculated directly in the corridor due to random nature of the second-order reflections. In addition, the portion of the received power provided by P s is very small. Therefore, we can approximate P s = −70 dBm uniformly over the receiver grid for analytical results. This value is obtained from empirical results for no reflector in Fig. 11(a) . The value of α f from (10) is set to 0.72, whereas, α c = 0.85 from (11) . Also, as we used polished metal sheets, therefore, = 1 and |ρ TX · ρ refl | 2 = 1.
The received power calculated analytically on each receiver grid position is shown in Fig. 13 . In Fig. 13 From Fig. 13(a) , it can be observed that we have maximum received power around the optimum reflection angle region (rightmost on the grid). However, as the angular difference from this region increases, the received power decreases accordingly given by α θ f from (10) . On the other hand, the decrease in the received power due to the distance from the reflector source on the grid as we move left or downward is less significant compared to α θ f . The value α φ f is 1 as the angle in the elevation plane is set to optimum. Also, there is no change in the elevation plane as we move on the receiver grid. Moreover, there is no decrease in the received power due to the size of the reflector. This is because the sizes of the reflectors are larger than the size of the core area of the beam.
Comparing the analytical results in Fig. 13(a) with the measurement and simulation results in Fig. 11(b) and (c), we observe a close match. However, the discontinuities in the received power over the grid for measurements are mainly due to higher order reflections in the corridor. In both the measurement and analytical results for 0.61 m × 0.61 m reflector, the received power approaches to the Friis free space power.
The analytical received power results for sphere and cylinder reflectors are shown in Fig. 13(b) . In the analytical modeling, we considered the surfaces of the cylinder and sphere as circularly curved. Therefore, they diverge the incoming power equally in all the directions over the grid. However, the decrease in the received power on the grid is mainly due to decrease in the receiver antenna's boresight gain as we move left on the grid. This decrease is represented by factor α θ c , whereas, α φ c = 1. Moreover, the received power on the grid is limited by the effective area of the cylinder and sphere (see Section II-C). Therefore, the cylinder has larger received power compared to sphere due to a larger effective area. Moreover, comparing measurement and analytical results for sphere and cylinder indicate differences, which are mainly due to non-ideal curved surfaces of real cylinder and sphere.
D. RAY MODELING RESULTS
The ray modeling results discussed in Section III-D are shown in Fig. 14 . For the 0.30 m × 0.30 m flat reflector, shown in Fig. 14(a) , the maximum azimuth angle of the incident ray contributing to first order reflection from the reflector θ rt is 1. of the rays in the azimuth plane contributing to first order reflections from reflector are 2.97 • and 3.95 • , respectively. Only the reflected rays bounded by these reflected angles are considered on the receiver grid for the flat reflectors.
The power contributed by the first order reflected rays for three flat reflectors given in (15) are shown in Fig. 14. A comparison with the measurement results however, indicate that we have smooth power transition over the receiver grid compared to measurements. This is mainly due to ideal antenna pattern and absence of secondary and higher order reflections. Moreover, for 0.61 m×0.61 m to 0.84 m×0.84 m reflectors we do not observe significant increase in the received power for measurements compared to ray modeling results. For the ray modeling results, larger size of the reflector contributes to larger coverage on the receiver grid. This difference is mainly due to ideal antenna gain pattern, ideal reflector surface and absence of diffraction for the ray modeling compared to measurements.
Collection of large amount of measurement data for a given propagation scenario is difficult. However, if we have large amount of ray tracing data (that is easier to collect), machine learning methods can be used to predict the propagation scenario outcomes in other similar environments [24] , [25] . This is part of our future work.
E. CDF OF RECEIVED POWER FOR INDOOR
The received power across the receiver grid can be captured using a cumulative distribution function (CDF) for each scenario. The CDF plots of received power over the whole receiver grid for flat sheet reflectors and no reflector are shown in Fig. 15(a) . As observed previously, the received power for the 0. Fig. 15(a) and Fig. 15(c) , we observe that analytical results are close with the measurement results. The CDFs of the received power obtained using ray modeling from Section III-D for the three flat reflectors are shown in Fig. 17(b) . The CDFs of the ray modeling results in Fig. 17(b) have a constant value initially that is proportional to the outage area on the grid in Fig. 14 . However, after the constant value, the received power is similar for the three flat reflectors showing the received power in the coverage area on the right side of the grid. For 0.30 m × 0.30 m reflector, the received power is close to thos obtained with larger reflectors, in contrast to measurements. This is mainly because of ideal antenna radiation pattern, ideal surface of reflector and absence of diffraction assumed for the ray modeling.
VI. MEASUREMENT AND ANALYTICAL RESULTS FOR OUTDOOR SCENARIOS WITH REFLECTORS
In this section, outdoor measurements are presented and analyzed for different sizes of flat sheet reflectors. Moreover, analytical modeling results from Section III and their comparison with the measurement results are also provided.
A. OUTDOOR MEASUREMENT RESULTS
The measurement results for received power in outdoor are obtained at a single receiver position. The receiver antenna is rotated from −168 • to 168 • in the azimuth plane and −30 • to 30 • in the elevation plane. The received power is obtained at each receiver antenna rotation. On the other hand, the transmit antenna is not rotated. Fig. 18(a) shows the received power when there is no reflector. In this case, the maximum power of -65.6 dBm is observed at the azimuth angle of 81 • and an elevation angle of 0 • . This received power corresponds to the OLOS path. Fig. 6(e) shows the geometry of the OLOS path. This OLOS path is from the transmitter through the glass window of the brick compartment and see-through glass of the door. The obstruction loss due to the glasses is given by η = −10.86 dB from (14) . From Fig. 18(a) , there is also another strong reflection from inside the building at around −70 • azimuth and 0 • elevation. Fig. 18(b) shows the received power with the 0.30 m × 0.30 m sheet reflector. We observe a strong reflection from the reflector at 0 • azimuth and 0 • elevation angles. This is because the center of the reflector is aligned to the boresight of the receiver antenna in azimuth and elevation planes. In addition, we observe the received power from other sources as observed previously for no reflector in Fig. 18(a) . Similarly, we observe reflections from the 0.61 m × 0.61 and 0.84 m × 0.84 m sheet reflectors at the same position as shown in Fig. 18(c) and (d) , respectively. The received power due to first order reflections from these reflectors are large compared to the 0.30 m × 0.30 m reflector. This is mainly because of larger diffraction losses for the 0.30 m × 0.30 m reflector compared to larger sized reflectors (see Section III-B).
Moreover, we observe secondary reflections at ±168 • in the azimuth plane for 0.61 m × 0.61 m and 0.84 m × 0.84 m reflectors shown in Fig. 18(c) and (d) , respectively. This is because large sized reflectors cover more incident power density compared to smaller sized reflectors. These large reflected beams create secondary reflections from surrounding objects. The secondary reflection at −168 • is due to a car parked parallel to the receiver on the left side. On the other hand, the reflection at 167 • is from the wall on the right side of the receiver. These secondary reflections are not observed for 0.30 m × 0.30 m reflector due to the smaller size of the reflected beam (covering approximately the core area only). The CDFs of total received power captured at Fig. 20 . It is observed that we have lower received power compared to the Friis free space received power. This is due to diffraction loss given by β(v 1 ) discussed in Section III-B. This diffraction loss is approximately 3 dB. However, for the 0.61 m × 0.61 m and 0.84 m × 0.84 m reflectors, we observe the received power from measurement and analytical results approach the Friis free space power.
VII. CONCLUSION
In this work, channel measurements at 28 GHz were carried out in NLOS indoor and outdoor scenarios. Metallic sheet reflectors of different shapes and sizes were used to enhance the received power, yielding a better signal coverage in the NLOS region. The reflected power from a metallic reflector was taken as a secondary source of transmission that can be further extended to other reflectors. This helps to provide coverage in any kind of NLOS scenario. Moreover, there is a minimum size of flat reflector required comparable to the core area of the beam. This ensures the maximum received power approach to the Friis free space power. It was observed that the received power at a given point for flat reflectors is more sensitive to the orientation of the reflector compared to the size of the reflector. For the cylinder and sphere reflectors, we observed divergence of the received power according to their sizes and shapes. The measurement results were compared with RT simulations and analytical results, which are observed to provide a close agreement. Ray tracing simulations at different center frequencies indicated a similar trend of reflected received power for flat sheet reflectors.
